Two improved routes to synthesize 1-benzyl-1,4,7,10-tetraazacyclododecane (6) and 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester (11) are described as well as the synthesis of 1-{2-[4-(maleimido-N-propylacetamidobutyl)amino]-2-oxoethyl}-1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (17) and its Y, Ho, Tm, and Lu complexes. The 1 H and 13 C NMR spectra of the new compounds as well as the single crystal X-ray structure analyses of the intermediates 4-benzyl-1,7-bis(p-toluenesulfonyl)diethylenetriamine (3) and 1,4,7-tris(p-toluenesulfonyl)diethylenetriamine (7) are reported and discussed. The rare earth complexes of 17 have been characterized by 1 H NMR spectroscopy and MALDI-TOF mass spectrometry.
Introduction
Macrocyclic polyaminopolycarboxylates have been intensively studied because of their numerous applications, which often require selective functionalization [1, 2] . Metal ion-conjugated peptides with 1,4, 7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) or 1,4,8,11-tetraazacyclotetradecane-1,4,8, 11-tetraacetic acid (TETA) ligands are ideal agents for a spectrum of applications in biomedicine, as therapeutic radiopharmaceuticals, luminescent probes for biochemical analysis, or MRI contrast agents [3 -6] . Recently a new class of DOTA conjugates was introduced, the so-called element-or metal-coded affinity tags (MECAT) [7, 8] . These reagents can be used in quantitative proteomics, as an additional or alternative method to established 2D-GE and recently developed methods employing isotope-coded affinity tags (ICAT) and isobaric 0932-0776 / 07 / 0300-0397 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tags for relative and absolute quantitation (ITRAQ) [9 -13] .
Metal-coded affinity tags are reagents composed of a chelating ligand, a monoisotopic metal ion, predominantly rare earth cations, and a reactive group with specificity towards thiol or amino groups. The affinity can be achieved for example by an incorporated group like biotin [11] or by interaction with antibodies [4, 14] . The principle of MECATs is derived from ICAT, but instead of the stable isotope labeling of proteins or peptides a metal ion labeling is applied. The protein mixture of two or more sets of cell states is independently labeled with MECAT reagents containing different metal ions; the samples are combined, and then conventionally cleaved. The MECAT labeled peptides are isolated by affinity chromatography and analyzed by LC-ESI-MS/MS. Peptide sequence information is obtained by tandem mass spectrometry and computer searches of protein data banks. Quantitation of proteins in two cell Scheme 1. Route I for the synthesis of 1-benzyl-1,4,7,10-tetraazacyclododecane (6) .
states is performed by comparing the intensity of the identical peptide peak pair from the samples defined by the mass difference of the complex ions chosen.
Metal ions, and particularly rare earth cations, are suitable for ICP-MS and permit low detection limits of quantitation. Many of the rare earth elements are naturally monoisotopic. Thus, a variety of MECATs with desired mass differences can be synthesized by pairwise integration into ligands. Considering only seven monoisotopic rare earth elements, 19 different mass tags are produceable with mass differences from 2 Da for 139 La/ 141 Pr to 86 Da for 89 Y/ 175 Lu. Thereby more than two samples can be investigated in parallel, or ambiguous analytical results can be verified in an independent run.
For about 15 years, several research groups have been engaged in the synthesis of mono-functionalized DOTA derivatives [15 -18] . Meanwhile, N-and C-functionalized DOTA derivatives are commercially available, but still very expensive. To make these important compounds more readily available, we describe in this paper two suitable, cost-efficient synthetic routes to 1-benzyl-1,4,7,10-tetraazacyclododecane (6) [19] , 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester (11) [20] and 1,4,7,10-tetraazacyclododecane-1-acetic acid-4,7,10-tris-(acetic acid tertbutyl ester) (tris-t Bu-DOTA) (15) [17] , the starting materials for the synthesis of N-functionalized DOTA ligands, as well as the synthesis of 1-{2- [4-(maleimido-N-propylacetamidobutyl )amino]-2-oxoethyl}-1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (17) and its Y, Ho, Tm, and Lu complexes.
Results and Discussion
Synthesis of 1-benzyl-1,4,7,10-tetraazacyclododecane (6) and 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester (11) N-substituted tetraazacyclododecanes are generally synthesized starting with diethylenetriamine (1) and diethanolamine as common educts via bimolecular cyclization reactions using toluenesulfonyl protecting groups, with subsequent deprotection. To improve our recently published procedure [21] , we used a modified way (Scheme 1). The first step, the selective tosylation of the two primary amino groups of 1 is possible at −45 • C in dichloromethane. Thus, the protection and deprotection of the terminal amino groups with phthalic anhydride can be avoided and the yield of 1,7-bis(p-toluenesulfonyl)diethylenetriamine (2) [22] is increased. The tri-tosylated by-product, 1,4,7-tris(ptoluenesulfonyl)diethylenetriamine (7) [23] , can easily be separated by filtration and used for further preparations. Alkylation of 2 with benzyl bromide and an excess of K 2 CO 3 results in the formation of 4-benzyl-1,7-bis(p-toluenesulfonyl)diethylenetriamine (3) [21] , which crystallizes after a few weeks as colorless crystals. Cyclization with 1,5-bis(methylsulfonyloxy)-3-aza-3-(p-toluenesulfonylamido)pentane (4) [24] according to [21] and elimination of the protecting groups by sodium amalgam yields the monosubstituted cyclen 6 [19] in 80 % yield.
Route II for the synthesis of 6 starts with the complete tosylation of 1 at 0 • C yielding 7 [23] as a white powder which forms colorless single crystals from acetone suitable for X-ray analysis (Scheme 2). Cyclization of 7 with the bis-methylsulf-Scheme 2. Route II for the synthesis of 1-benzyl-1,4,7,10-tetraazacyclododecane (6) and 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester (11) . onyloxy compound 4 yields 1,4,7,10-tetrakis(p-toluenesulfonyl)-1,4,7,10-tetraazacyclododecane (8) [25] , which is converted into 1,4,7,10-tetraazacyclododecane (cyclen) (9) by heating in concentrated H 2 SO 4 for three days [26] . Reaction with Mo(CO) 6 following the procedure described by Patinec et al. [27, 28] resulted in η 3 -1,4,7,10-tetraazacyclododecane molybdenumtricarbonyl (10) [26] , which was alkylated with benzylbromide and bromoacetic acid ethyl ester in DMF followed by decoordination from the Mo(CO) 3 fragment by HCl yielding 6 and 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester (11) [20] , respectively.
Molecular structure of 4-benzyl-1,7-bis(p-toluenesulfonyl)diethylenetriamine (3) and 1,4,7-tris(p-toluenesulfonyl)diethylenetriamine (7)
The structure of monoclinic crystals of the ditosylated benzylated triamine 3 ( Fig. 1) shows nonexceptional averaged bond lengths C-N (1.47Å) and C-C (1.50Å) along the chain of the triamine. Similar distances C-N (1.46Å) and C-C (1.52Å) were found in the structure of the monoclinic crystals of the tritosylated diethylenetriamine 7 (Fig. 2) . The mean N-S distances in the structures of 3 and 7 are 1.61 and ular hydrogen bonds located in 7 between N(1) and O(2) (3.01Å) and between N(3) and O(6) (2.92Å) lead to a network in the crystal.
Synthesis of 1-{2-[4-(maleimido-N-propylacetamidobutyl)amino]-2-oxoethyl}-1,4,7,10-tetraazacyclododecane-4,7,10-triacetic acid (17) and its Y, Ho, Tm, and Lu complexes
Compounds 6 and 11 are the key compounds for the synthesis of 1,4,7,10-tetraazacyclododecane-4,7,10-tris(acetic acid tert-butyl ester)-1-acetic acid (tris-t Bu-DOTA) (15) [17] , which in turn is the starting material for the synthesis of N-functionalized DOTA ligands, which are commercially available, but very expensive. Following published routes [16, 30, 31] , 15 is prepared either starting from 6 by alkylation of the unprotected amine functions with BrCH 2 COO t Bu to yield 1,4,7,10-tetraazacyclododecane-1-benzyl-4,7,10-tris(acetic acid tert-butyl ester) (12), followed by removal of the protecting benzyl group with H 2 /Pd/C to produce 1,4,7,10-tetraazacyclododecane-4,7,10-tris(acetic acid tert-butyl ester) (13) [32] and finally by incorporation of an acetate group or from 11 in two steps via 1,4,7,10-tetraazacyclododecane-1-acetic acid ethyl ester-4,7,10-tris (acetic acid tert-butyl ester) (14) (Scheme 3).
The triply protected DOTA-derivative 15 reacts with 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), Hünig's base (DIEA) and 1,4-diaminobutane trityl resin in DMF with formation of the resin-fixed tris-tert-butyl ester of 2-(1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)-1-cyclododecyl)-acetyl-diaminobutane, which is on mass spectrometry. Here, mass tags with differences from 4 Da for 165 Ho/ 169 Tm-17 to 86 Da for 89 Y/ 175 Lu-17 are shown as an example for the variety of different combinations. The use of rare earth elements in addition has the advantage that quantitation can be accomplished by means of ICP MS with very high efficiency and sensitivity. Furthermore, the mass differences between the heavy rare earth-containing tags is useful for the peptide and protein identification in complex mixtures [33] .
The lutetium complex 21 was also characterized by elemental analysis and 1 H and 13 C NMR spectroscopy. These spectra as well as those of 16 and 17 are complicated and very hard to assign because of internal hydrogen bonds which cause very broad signals for the macrocyclic CH 2 protons at low pH values [20, 34] . Further investigations concerning structural analysis of the lanthanide complexes and their application are in progress.
Experimental Section
Unless noted otherwise, all reactions were carried out at r. t. in dried solvents under dry dinitrogen, using standard Schlenk techniques. Chemicals were purchased from Aldrich, Acros, Chempur, and Macrocyclics and used without further purification. p-CH 3 C 6 H 4 SO 2 N(CH 2 CH 2 OSO 2 CH 3 ) 2 (4) was prepared according to the literature [24] . 1 (2) . Diethylenetriamine (10.0 g, 0.097 mol) and triethylamine (19.2 g, 0.190 mol) were dissolved in CH 2 Cl 2 (300 mL) and cooled to −48 • C. To this solution p-toluenesulfonylchloride (36.2 g, 0.190 mol) in CH 2 Cl 2 (100 mL) was added over a period of 4 h. The temperature did not exceed −45 • C. After that, the mixture was stirred for 4 h at r. t., and washed three times with water. The organic layer was dried with Na 2 SO 4 and the solvents evaporated to give a colorless oil, which was further dried in vacuum. The residue was crystallized from CH 2 Cl 2 /CH 3 OH (1 : 3). Beside the favored ditosylated oily product (2), the crystalline tri-tosylated product 7 is formed (m. p. 59 -61 • C). Yield: 30.0 g (75 %) for 2 and 6.0 g (10 %) for 7. (6) . Route I: 5.8 g (8.0 mmol) of 5, 6.8 g (48 mmol) of anhydrous Na 2 HPO 4 , and sodium amalgam (2 %, 9.5 g, 48 mmol) were stirred in CH 3 CN (250 mL) at 80 • C for one day. The colourless mixture changed to white, and mercury precipitated which was separated. The solvent was removed on a rotary evaporator and the grey residue was dissolved in CHCl 3 (80 mL) and washed three times with water (55 mL). The organic phases were combined and dried with Na 2 SO 4 . The solvent was removed and the crude product was dried under vacuum. Recrystallization from CH 2 Cl 2 /CH 3 OH (10 : 1) yielded 6 as a bright yellow solid. M. p. 83 -85 • C. Yield: 1.6 g (80 %). Route II: 5.1 g (14 mmol) of 10 and 6.8 g (49 mmol) of K 2 CO 3 were suspended in DMF (150 mL) and stirred for 30 min at 75 • C. Afterwards C 6 H 5 CH 2 Br (1.7 mL, 14 mmol) was added dropwise and the mixture was refluxed for 2 h precipitating a white solid. After cooling to r. t., filtering and evaporating the solvent, the yellow residue was treated with HCl (35 mL, 10 %) and stirred at r. t. on air for further 16 h. After raising the pH to 8 a brown solid was formed and removed by centrifugation. The resulting clear blue solution was extracted with CHCl 3 (4 × 35 mL). The combined organic layers were dried with Na 2 SO 4 (9) . 65.3 g (0.083 mol) of 8 was stirred with 100 mL of concentrated sulphuric acid for 3 d at 130 • C. The initially colorless solution changed to brown after a few h and a black precipitate occurred. The mixture was cooled to 0 • C, diluted with 150 mL of water and then the pH was adjusted to > 13 by addition of solid KOH (130 g, 2.32 mol). The filtered precipitate was washed with EtOH (2 × 90 mL) and the aqueous and the organic phases were combined and evaporated. The brownish residue was dissolved in 80 mL of 0.1 M HCl and washed with CH 2 Cl 2 (4 × 30 mL). The pH of the aqueous phase was adjusted again to > 13 and the solution extracted with CHCl 3 (4 ×30 mL). After combining and drying of the organic phases with K 2 CO 3 the solvent was removed and the white solid of 9 was dried in a vacuum. M. p. 113 -114 • C. Yield: 8.6 g (60 %). (CO) 3 Mo(HNCH 2 CH 2 ) 4 (10). 2.7. g (16 mmol) of 9 and 4.6 g (16 mmol) of Mo(CO) 6 were suspended in n-dibutylether (80 mL) and heated to 140 • C for 2 h. The yellow precipitate was filtered off and washed with diethyl ether (3 × 15 mL) to yield 5.2 g (92 %) of 10. (11) . 11 was prepared in analogy to the synthesis of 6 following route II using 1.1 g (3.0 mmol) of 10, 1.4 g (49 mmol) of K 2 CO 3 , 0.33 mL (3.0 mmol) of BrCH 2 COOEt, and 80 mL of DMF. Yield: 0.40 g (55 %) of 11 as a light yellow solid. M. p. (12) . 1.1 g (4 mmol) of 6 and 1.7 g (12 mmol) of dried K 2 CO 3 were suspended in DMF (180 mL) and heated to 80 • C for 30 min. Afterwards BrCH 2 COO t Bu (2.34 mL, 12 mmol) was added dropwise and the mixture refluxed for 20 h, precipitating KBr as a white solid. The solvent was evaporated, the residue dissolved in CH 2 Cl 2 (50 mL) and filtered. The colorless solution was then washed with water (3 × 45 mL) and the organic layer was dried with Na 2 SO 4 . A yellow solid was obtained after evaporation of the volatiles and drying in vacuum. (13) . Hydrogen gas was bubbled through a suspension of 12 (1.2 g, 2.0 mmol) and the catalyst Pd/C (10 % Pd, 200 mg) in a mixture of CH 3 OH and THF (1 : 1, 300 mL) at r. t. over night. After removing the catalyst by filtration over celite, the solvent was evaporated and the brownish residue dried in vacuum. Crystallization from a mixture of acetone/diisopropylether (15) . a) 15 was prepared as described above for 12 from 13 (16) . To a solution of 15 (1.34 g, 2.35 mmol) in DMF (40 mL), 0.983 g (2.585 mmol) of HATU and 0.5 mL of Hünig's base were added. The mixture was stirred for 5 min and added to 5 g of 1,4-diaminobutane trityl resin (loading 0.47 mmol/g, 2.35 mmol) in DMF. The reaction mixture was agitated at r. t. overnight and the solvent removed in vacuum. Afterwards the cleavage from the resin was carried out with 50 mL of TFA, 5 % water and 1 % tri-iso-propylsilane for 2 h. The mixture was filtered and the filtrate was evaporated in vacuum. (17) . To a solution of 16 (500 mg, 1.05 mmol) in 25 mL of DMF, 0.75 mL of NEt 3 and a solution of 560 mg (2.1 mmol) of β -maleimidopropionic acid N-hydroxysuccinimide ester in 10 mL of DMF were added. The mixture was allowed to stand for 4 h at r. t. with occasional stirring. The precipitate was filtered and the filtrate was evaporated to dryness. Impurities were removed by washing with CHCl 3 Table 1 . Parameters of the single crystals, data collection and structure refinement of 3 and 7.
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• C. -1 H NMR (25 • C, 400 MHz, CDCl 3 ): δ = 1
